We report on an airborne demonstration of atmospheric methane (CH4) measurements with an Integrated Path Differential Absorption (IPDA) lidar using an optical parametric oscillator (OPO) and optical parametric amplifier (OPA) laser transmitter and a sensitive avalanche photo detector. The lidar measures the CH4 absorption at multiple, discrete wavelengths around 1650.9 nm. In September 2015, the instrument was deployed on NASA's DC-8 airborne laboratory and measured atmospheric methane over a wide range of topography and weather conditions from altitudes of 3 km to 13 km. In this paper, we will review the results from our flights, and identify areas of improvement.
INTRODUCTION
Methane (CH4) is the second most important anthropogenic greenhouse gas (GHG) with a higher radiative forcing potential than Carbon Dioxide (CO2) on a per molecule basis [1] , making anthropogenic CH4 a critical target for mitigation. The methane mixing ratio is presently at ~1.8 parts per million by volume (ppmv). Anthropogenic CH4 is responsible for a significant portion of the global warming produced by all well-mixed greenhouse gases and contributes to the formation of ozone, another GHG and air pollutant.
Despite the critical importance of CH4 for climate, the existing CH4 observing network has proven inadequate to constrain global, regional, and sectoral sources, and explain observed trends and variation in atmospheric CH4 over the last few decades. Therefore, there is a critical need for CH4 observations for constraining the strength and distribution of methane's sources, including natural (e.g., wetlands) and anthropogenic (e.g., energy sector). For instance, much of the year-to-year variations in methane's global growth rate is likely from variations in wetland emissions and part of the recent increasing trend in methane's growth rate may be associated with increased energy extraction activities [2, 3] . An adequate CH4 observing network necessary to monitor the interaction between the carbon cycle and climate change, such as the potential release of CH4 from stored carbon reservoirs (e.g., Arctic and boreal soils) and changes in natural emissions. The current CH4 observing network does not provide the necessary data to understand and constrain methane's sources, such as from permafrost thaw, wetlands, which challenges our ability to make confident projections of future climate.
Our current understanding of CH4 distributions and processes is founded mostly on precise and accurate ground-based, in-situ measurements from global monitoring networks [4, 5] . The location and frequency of these measurements is, however, very sparse on a global scale and is even sparser at high latitudes where the thawing Arctic permafrost is of particular concern. Large quantities of organic carbon are stored in the Arctic permafrost and a warming climate can induce drastic changes in carbon emissions and a subsequent positive feedback mechanism that can significantly accelerate climate change [6] .
Global measurements from satellites are available from passive optical sensors, but they lack the required sensitivity to quantitatively derive regional CH4 sources with low uncertainties. Passive sensors measuring in reflected sunlight are limited to sunlit areas of the planet and their sensitivity falls off at high sun angles, increasing cloud and aerosol optical depth, and low surface reflectivity. Recent observations indicate that the thawing Arctic permafrost is active even during the cold season [7] so the sparse sampling at high latitudes in the winter months is a major drawback where there is complete absence of sunlight. Active measurements using laser remote sensing technology will be a key step in obtaining measurements of CH4 with sufficient coverage, sampling, and precision to address these science questions. The French Centre National d'Etudes Spatiales (CNES) in collaboration with the German Aerospace Centre (DLR) are developing an active methane mission called MERLIN (Methane Remote Sensing Lidar Mission) scheduled for launch in 2020 [8] . The MERLIN mission targets an 8-36 ppbv relative random error in the methane column abundance with a 50 km horizontal resolution. The benefit of active sensing missions like MERLIN is that they provide global CH4 measurements to be made where they are really needed: in the absence of sunlight (i.e., at night and at high latitudes in all seasons), in the presence of scattered or optically thin clouds and aerosols, over land and water surfaces, and with higher accuracy and precision than currently available. Active CH4 measurements will help satisfy the critical scientific need to understand the behavior of greenhouse gases and how they contribute to climate change.
INSTRUMENT DESCRIPTION
The most difficult technology challenge for an airborne or spaceborne lidar is the laser transmitter. At Goddard Space Flight Center (GSFC) we have been developing an active, airborne lidar to measure atmospheric methane using Integrated Path Differential Absorption (IPDA). The lidar measures the absorption of laser pulses by a trace gas when tuned to a wavelength coincident with an absorption line [9] [10] [11] [12] [13] . Using the instrument in a sounding (surface reflection) mode enables integrated column trace gas measurements from orbit with relatively modest laser power.
Our airborne lidar uses a tunable, narrow-frequency light source and a photon-sensitive detector coincident with a CH4 absorption at 1651 nm (1.651 µm). The CH4 spectrum at 1651 nm is well suited for remote sensing since there is very little interference from other molecules. Figure 1 shows the two-way atmospheric transmittance spectrum around 1651 nm from a 400 km orbit using the 2012 HITRAN database [14] and a US standard atmosphere. The CH4 line is isolated from adjacent CO2 lines and there is very little water (H2O) vapor interference. Figure 1 Atmospheric transmittance spectrum near 1651 nm from a 400 km orbit using the 2012 HITRAN database and a US standard atmosphere. Although in principle, only two wavelengths ("on" and "off" the line) are needed to determine the transmittance through the atmospheric column our technique uses multiple wavelengths to probe the absorption feature. Using multiple wavelengths can reduce errors that may affect the measurement precision [15] , measure the spectral shift of the line with changing atmospheric pressure [16] , generate atmospheric backscatter profiles of the entire column, and enable retrievals of trace gas mixing ratios above and below the planetary boundary layer [17] .
A simplified block diagram of our lidar is shown in Figures 2(a) and 2(b) and is based on our previous work with Optical parametric generation and frequency locking [18] [19] [20] . Our lidar uses two different laser transmitters. The first is an The OPA consists of a magnesium oxide-doped periodically poled Lithium Niobate (MgO:PPLN) crystal which is pumped by a pulsed single-frequency 1064 nm Nd:YAG laser and seeded by a continuous-wave (CW) 1651 nm laser diode. The pump laser is a custom burst-mode Yb fiber laser from Fibertek Inc., based on a Master Oscillator Power Amplifier (MOPA) configuration [21] . The pump laser was optimized for high peak power performance and generates 600 µJ in a burst pulse. Each burst pulse consists of twenty individual 3 ns pulses separated by 85 ns. The individual pulse energies vary from 2 to 10 µJ. The OPA output varies non-linearly with the peak power of the pump so the variation in the individual pump pulses resulted in very low conversion in the OPA of the low energy pulses. The linewidth of the OPA was ~500 MHz. The laser was delivered with a bare, large mode area (LMA) fiber output. Prior to our flights we connectorized the output and the burst pulse energy was reduced to ~350 µJ per burst pulse. The seed laser is a distributed-feedback (DFB) CW laser from NEL America. The wavelength of the laser is tuned over the CH4 line by changing the seed laser current. The two beams (seed and pump) are co-aligned and focused through the PPLN crystal. The temperature of the crystal can be temperature tuned to optimize the phase matching at the target wavelength. The unconverted pump beam at 1064 nm is separated from the signal beam at 1651 nm using a dichroic mirror and a band pass filter. The OPA output beam is directed through a beam expander to reduce the divergence and through the aircraft nadir window. The final output energy of the OPA transmitter exiting the aircraft was approximately 25-30 µJ per burst pulse and 20 wavelengths were used in each scan to sample the CH4 absorption.
The OPO consists of another PPLN crystal inside a three-mirror cavity. The OPO is pumped by a custom pulsed singlefrequency 1064 nm Nd:YAG laser and seeded by five CW DFB lasers at 1651 nm. The OPO uses an absolute frequencylocking technique, an optical phase-lock loop (OPLL), and a phase modulation technique to lock the OPO cavity length, and fast electro-optical switches to switch between wavelengths [20] . The OPO cavity is resonant at the signal wavelength (1651 nm), and its length is locked to a master seed DFB laser. Four additional slave DFB lasers are offsetlocked to the master laser by an integral number of the OPO cavity free-spectral range (FSR). The OPO samples the CH4 absorption at five wavelengths (one master and four slave). The pump laser of the OPO is a custom-made GSFC laser with a ~60 ns pulse width and maximum energy of 1.4 mJ per pulse at a 5 kHz repetition rate. The beam from the OPO cavity is directed through a beam expander and several mirrors and through the aircraft nadir window. The maximum output energy of the OPA transmitter exiting the aircraft was approximately 250 µJ per pulse. The divergence for both laser transmitters was ~150 µrad. Prior to existing the aircraft, a beam splitter in both laser transmitters directs part of the outgoing 1651 nm beam through short (5-10 cm) CH4 reference cells containing ~100 Torr that are used for locking and wavelength calibration. Another beam splitter in the transmit optics path sends a portion of the outgoing beams to an integrating sphere with InGaAs detectors that serve as energy monitors. A multimode 200-µm core fiber is also connected to the integrating sphere and collects a very small fraction of the outgoing energy. The fiber output is collimated and fed back into the receiver telescope to provide a zero range pulse (or "start pulse") for our ranging algorithm. The outgoing laser pulses reflected from the ground are collected by a commercial 20 cm diameter receiver telescope with an effective focal length of 2 m and are coupled into an anti-reflection (AR) coated 600-µm core multimode fiber. The receiver field of view (FOV) was 300 µrad. The receiver fiber output is collimated by a lens and directed through a 0.8 nm (FWHM) band pass (BP) filter, and then focused onto a HgCdTe enhanced avalanche photodiode (e-ADP) made by DRS Technologies [22] .
The signals from the absorption cell, the energy monitor, and the ground returns (including the zero range pulse) are digitized by a National Instruments© PXI-based data acquisition system containing a FlexRIO FPGA Module, a FlexRIO Digitizer Adapter Module, a Timing and Synchronization Module, and a Global Positioning System (GPS) module. All signals are averaged every 1/16 second and additional averaging can be performed in post-processing. The major parameters of the airborne system are summarized in Table 1 . 
AIRBORNE DEMONSTRATION
In late September 2015, the instrument was installed on the NASA DC-8 airborne laboratory, based at Armstrong Science Aircraft Integration Facility (SAIF) in Palmdale, CA. The transceiver structure supported two small optical benches for the OPO and OPA, the receiver telescope, and the transmit optics components (beam steering mirrors, beam splitter, integrating sphere etc.). A vibration isolation mechanism for the entire structure minimized the impact of aircraft vibrations. The overall transceiver dimensions were approximately 0.9×2.0×0.8 m 3 and the total weight was 363 kg. Two racks on either side of the transceiver structure held ancillary equipment (computers, detector, seed lasers, chillers, vacuum pump, oscilloscopes, GPS receiver, frequency counter etc.) necessary for the operation of the instrument. A Picarro in-situ analyzer (Picarro G1301-m) that measures methane, carbon dioxide, and water vapor using Wavelength-Scanned Cavity Ring Down Spectroscopy was also installed in the aircraft to provide in-situ reference CH4 measurements.
Three flights in the western United States were carried out in late September-early October 2015. Each flight lasted about 4 hours and it typically included several segments at increasing altitudes from 3 to 13 km over varying topography, ground reflectivity (including ocean), and atmospheric conditions. In addition, a spiral descent from ~13 km to near the surface (30-300 m depending on FAA flight clearances) was included in the flight plan in order to sample vertical profiles of the CH4 mixing ratio and associated meteorological parameters (pressure, temperature, humidity, etc.) using the Picarro in-situ sensor and the aircraft's data acquisition system. Figure 3 summarizes our flight paths in the western US. Due to the limited flight hours available, the flight locations were chosen to minimize the transit flight time and to target areas of possible CH4 emission sources (landfills, feedlots etc.). For the first two flights, we used the OPA and for the third flight, we used the OPO.
Our retrieval algorithm follows the approach of Rodgers [23] . The algorithm estimates the column average of CH4 transmittance of the atmospheric column by integrating the pulse returns from the surface echo signals at each wavelength, after normalizing by the transmitted pulse energy, the filter transmission, and other instrument calibrations. The algorithm then compares the experimental with the theoretically calculated transmittance values and adjusts the fit parameters to minimize the error. The theoretical calculations use a Voigt lineshape, the vertical pressure and temperature profile of the atmosphere, the lineshape parameters from the HITRAN 2012 database and line-by-line radiative transfer calculations. The range (path length) from the aircraft to the surface is determined from the laser pulse time of flight (TOF) following the approach by Amediek [24] by correlating the first return pulse with the zero range pulse and measuring the time delay of the correlation peak. The meteorological data for the vertical profile of the atmosphere are obtained from the spiral descent and the Goddard Modeling and Assimilation Office (GMAO) Modern Era Retrospective-Analysis for Research and Applications (MERRA) along the flight paths with a sampling/interpolating interval of 1 sec. The first flight was mostly over the San Joaquin Valley in central California. We flew on a south-north track anchored near Arvin, CA in the south and Altamont, CA in the north at three different altitudes at approximately 3.1, 6.0 km and 12.7 km. A large portion of the flight was in and over a dense cloud cover and the spiral descent originally scheduled over Coalinga airport, CA airport was moved to approximately 20 km north of McFarland, CA due to low visibility and weather conditions. The Coalinga airport was originally chosen due to its proximity to a large feedlot. Figure 4 shows flight altitude profile (as measured by the on-board DC-8 radar altimeter, our lidar range, and the GPS receiver) and the corresponding CH4 retrievals. The radar range from the DC-8 agreed very well with our lidar range. The theoretical CH4 mixing ratio from the MERRA model was set at a constant 1900 ppb and the retrieved values agreed very well with the predictions. The outliers in the retrievals are mainly due to two factors: laser adjustments and wavelength locking status. As the cabin temperature and pressure changed, the OPA transmitter needed several adjustments optimize its performance.. Finally, points where the clouds were optically thick and the ground was not visible (i.e. approximately between 65000 68500 secs UTC) were removed. secs UTC) the ground was not visible due to optically thick clouds. After removing all the outliers due to laser adjustments, the DOD Retrieval (Fit) vs. DOD Theory linear fit had a slope of 1.003 and a small offset 0f -0.00025 ( Figure 7 ). laboratory. The hardware that was used to restrict the receiver aperture size produced large near field backscatter when installed in the aircraft. As a result the OPO output energy during the flight was too high for the detector (~250 µJ), especially for the low altitude segments and the detector gain was turned down to its minimum value. Finally, the fiber optic switches that were used to switch between the different wavelengths exhibited small amount of crosstalk. Although the crosstalk was estimated to be relatively small, (~1%), the effect can be significant especially at higher altitudes. The total signal received at each wavelength has contributions from all wavelengths. Wavelengths 1 and 5 are "off line" and are not absorbed. Wavelengths 2, 3, 4 are absorbed by the CH4 line and the absorption increases with altitude. The effect is most pronounced for the master laser (wavelength 3) which is locked to the peak of the absorption. At higher altitudes the contributions to wavelength 3 ("on line") has significant contributions from the "off line" wavelengths (1 and 5) because the "on line" wavelength is absorbed and the "off line" wavelengths are not. We are still in the process of refining the crosstalk values for all wavelengths and for all altitudes. Initial results for the high altitude segment of the flight (~13 km) show that when the cross talk is taken into account the DOD Fit from the lidar agrees well with the theoretical values. The best linear fit to the data had a slope of 1.025 and an offset of -0.018 indicating that the Lidar DOD agreed well with theoretical predictions. We will be refining the OPO wavelengths crosstalk values and reanalyze the data.
CONCLUSIONS
We reported on an airborne demonstration of atmospheric methane measurements with an IPDA lidar using two different transmitters: A 20-wavelength OPA and a 5-wavelength OPO. The lidar measures atmospheric the CH4 absorption at discrete wavelengths centered around 1650.9 nm. In September 2015, the instrument was deployed on NASA's DC-8 airborne laboratory measured CH4 over a wide range of topography and weather conditions from altitudes of 3 km to 13 km. The results show that there is good agreement between the lidar DOD retrievals and the theoretical DOD values as predicted by atmospheric models and radiative transfer line by line calculations. Even though engineering issues remain (laser and wavelength stability, crosstalk between wavelength channels in the OPO), we believe that the IPDA approach holds considerable promise in measure CH4 from space and airborne platforms. However, the difficult technology challenges presented by the laser transmitter remains. The transmitter energy must be scaled to 500 -600 µJ in order to obtain 0.5% precision from space. Optical parametric generation offers a viable solution but several challenges remain. The OPA power must be scaled while maintaining a narrow linewidth. That is very difficult to implement unless a high power seed laser becomes available. It is easier to scale the OPO energy and maintain a narrow linewidth but tunability is difficult because of the OPO cavity and the number of wavelengths is limited by practical considerations (number of seed lasers and feedback loops). We will continue to improve our OPA and OPO and explore alternative technologies in this spectral region.
